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ABSTRACT
Here we discuss the jet production efficiency in a sample of 17 young radio galaxies with measured
redshifts, kinematic ages, and nuclear X-ray fluxes, for which the observed luminosities of compact
jets/lobes and accretion disks correspond to the same episode of the AGN activity. For the targets,
we analyze the available optical data, estimating the bolometric luminosities of the accretion disks
Lbol, and the black hole masses; we also derive the minimum jet kinetic luminosities, Pj. With such,
we investigate the distribution of our sample in the three-dimensional space of the accretion rate
λEdd ≡ Lbol/LEdd, the nuclear X-ray luminosity LX considered here as a limit for the emission of
the disk coronae, and Pj, expressing the latter two parameters either in the Eddington units, or in
the units of the disk luminosity. We find that (i) the accretion rate λEdd in our sample is distributed
within a narrow range λEdd ∼ 0.01 − 0.2; (ii) the normalized jet power Pj/LEdd formally correlates
with the accretion rate λEdd, with some saturation at the largest values λEdd > 0.05; (iii) the jet
production efficiency ηjet ≡ Pj/M˙accc2 spans a range from ηjet . 10−3 up to ∼ 0.2 at maximum,
which is below the level expected for magnetically arrested disks around maximally spinning black
holes; and (iv) there is a diversification in ηjet on the hardness–intensity diagram LX/Lbol − λEdd,
with the jets being produced most efficiently during the high/hard states, and suppressed during the
soft states.
Keywords: radiation mechanisms: non-thermal — galaxies: active — galaxies: jets — quasars: emis-
sion lines — radio continuum: galaxies — X-rays: galaxies
1. INTRODUCTION
Compact radio galaxies typically exhibit concave ra-
dio continua, with energy flux spectral densities peak-
ing within a narrow frequency range 0.5–10 GHz; this
is the basis for their classification as ‘GHz-peaked spec-
trum’ (GPS) sources. A subset of them, called ‘Compact
Symmetric Objects’ (CSOs), when imaged with high-
resolution radio interferometers, display in addition ax-
isymmetric radio morphologies consisting of two lobes
at the opposite sides of a radio core, resembling pow-
erful and extended Fanaroff-Riley type II radio galaxies
(FR IIs, or ‘classical doubles’), albeit with linear scales
< 1 kpc (see the review by O’Dea 1998). For those with
long-term radio monitoring, one can measure the expan-
sion velocities of the jet terminal hotspots from the nu-
clei, deriving in this way kinematic ages of the radio
structures, which are considered as a more reliable proxy
for the elapsed time since the jet formation than the ages
derived from the sychrotron ageing analysis (see, e.g.,
Orienti 2016, and references therein).
The observed similarity in the radio morphology of
CSOs and extended FR II radio galaxies, together with
young ages of the former class of sources (following ei-
ther from the kinematic or synchrotron ageing methods),
seems to indicate that CSOs represent the phase of newly
born jets, which will evolve forming extended structures
on >Myr timescales. However, statistical studies of the
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corresponding luminosity functions show overabundance
of compact radio galaxies over the model expectations
assuming a simple evolutionary scenarios (Readhead et
al. 1996; O’Dea & Baum 1997). This incoherence may
be mitigated if CSOs represent a peculiar class of short-
lived radio sources, due to an intermittent jet activity of
the central engines (Reynolds & Begelman 1997). Such
an intermittency may be caused by a radiation pressure
instability within an accretion disk, for example (Cz-
erny et al. 2009), although this particular model requires
relatively high accretion rates, characteristic for quasar
sources rather than low-power radio galaxies.
This leads to the general yet seldom asked question on
the accretion rates in young radio galaxies (see, e.g., Wu
2009; Siemiginowska 2009; Son et al. 2012), a question
which is not easy to address due to several reasons. The
main difficulty here is that the identification of young
radio galaxies is based on the broad-band radio spectral
and morphological analysis, and not — as in the case
of, e.g., quasars — any systematic spectroscopic clas-
sification in the optical domain. And indeed, optical
spectra of compact radio sources are rather diverse, in-
cluding quasar-like continua with prominent broad emis-
sion lines, but also low-ionization or heavily absorbed
type spectra. Note that, for example, CSOs are those
young radio galaxies which are believed to be observed
at large inclinations to the jet axis, and hence in their
case one should expect to see rather heavily absorbed nu-
clear emission, if a circumnuclear dust is already settled
in the form of obscuring torii as in the evolved luminous
radio galaxies and quasars (see in this context the dis-
cussions in Ostorero et al. 2010, 2017; Willett et al. 2010;
Kosmaczewski et al. 2019; Sobolewska et al. 2019b).
The other general issue is how exactly accretion prop-
erties of young radio galaxies shape the launching condi-
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tions and the duty cycle of relativistic jets. Here the cru-
cial problem is a robust determination of the total kinetic
powers of the newly born jets in such systems, which,
again, is hampered by the fact that the radio emission
continua of compact jets and lobes are heavily absorbed,
due to the synchrotron self-absorption process and/or
free-free absorption by the surrounding thermal medium
(e.g., Callingham et al. 2015, and references therein).
Also, the radiative efficiency of compact jets and lobes
may be different than that characterizing their evolved
analogs, due to the very different environment they re-
side in and interact with (interstellar vs. intragalactic
medium). As a result, all the scaling relation between
radio luminosities and jet kinetic powers discussed in the
context of extended radio galaxies (e.g., Willott et al.
1999; Godfrey & Shabala 2016), should be treated with
a particular caution when applied to a sample of young
radio galaxies.
On the other hand, with a robust characterization of
both the jet kinetic power Pj and the accretion-related
bolometric luminosity Lbol for a well-defined sample of
young radio galaxies, along with the central supermas-
sive black hole (SMBH) mass estimates for the analyzed
objects, one could investigate the location of the newly-
born jet sources on the Pj−Lbol diagnostic planes. Such
diagnostic planes, where different types of active galac-
tic nuclei (AGN) are typically occupying separate loci,
are particularly useful when discussing the jet launching
processes in general, and possibly also the evolution of
such processes during the radio-loud phase of the AGN
activity. What follows from the analysis presented in this
context in the literature so far, is that the jet production
efficiency Pj/Lbol, which can be significantly different for
various types of AGN, depends not only on the accretion
rate m˙acc ∝ Lbol/LEdd, where LEdd is the correspond-
ing Eddington luminosity, but may also be related to
the morphology of the host galaxy either via the entire
accretion history over cosmological timescales, shaping
the spin distribution of the central SMBHs (Sikora et al.
2007, and references therein), or due to particular accre-
tion conditions determining magnetic structures of the
accretion disks in various types of the systems (Sikora &
Begelman 2013).
In this paper, we perform the first systematic study
of the accretion rates and the jet production efficiency
of young radio galaxies. Our sample selection is based
on the published lists of the objects classified robustly
as CSOs (Polatidis & Conway 2003; Giroletti & Pola-
tidis 2009; An & Baan 2012; An et al. 2012; Orienti,
& Dallacasa 2014; Rastello et al. 2016). We further re-
strict the analysis to the sample of sources for which
(i) the redshifts are determined, (ii) the kinematic ages
has been measured, and (iii) the core X-ray fluxes could
be estimated with high-angular resolution X-ray tele-
scopes (Chandra or XMM-Newton). There are 17 sources
fulfilling the above criteria, 16 of which are listed in
Siemiginowska et al. (2016), including a few with the
updated X-ray modeling as presented in Sobolewska et
al. (2019a,b), plus 1323+321 with the kinematic age es-
timated given in An & Baan (2012), and the X-ray lu-
minosity in Tengstrand et al. (2009). Even though the
analyzed sample is rather small, it is composed of the
sources which are considered as the most robust and un-
ambiguous examples of the youngest radio galaxies, with
Table 1
The measured velocity dispersion, and the narrow Hβ line
fluxes, for the sources with the available SDSS spectra.
source σ? [km s−1] FHβ [erg s−1 cm−2] comments
1031+567 218 2.01e−16 Type-2 AGN
1404+286 260 4.85e−17 Type-1 AGN
1511+0518 200 8.33e−17 Type-1 AGN
1607+26 255 1.39e−15 Type-2 AGN
linear sizes . 300 pc and corresponding ages . 3, 000 yr
(see Table 1 in Siemiginowska et al. 2016 and also in An
& Baan 2012).
For those sources, we gather the available optical spec-
troscopic data, which allow us to derive the black hole
masses and the accretion-related bolometric luminosities
(§ 2); based on the radio data, we estimate the jet ki-
netic luminosities for the sample, by means of both the
established scaling relations, and also anticipating the
minimum power condition (§ 3). The results of the anal-
ysis, and in particular a comparison of the accretion
rates and the jet production efficiency of the analyzed
CSOs with those characterizing the evolved radio-loud
AGN, are presented in § 4, and the main conclusions
are summarized in the final § 5. Throughout the pa-
per we assume ΛCDM cosmology with the parameters
H0 = 70 km s
−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.
2. OPTICAL SPECTRAL INFORMATION
We gathered the optical spectral information available
for the CSOs from the list of Siemiginowska et al. (2016)
plus 1323+321 (An & Baan 2012). This includes the
Sloan Digital Sky Survey (SDSS) spectra for the four
targets, which are analyzed in detail in the following
Section 2.1. For the remaining objects, we have col-
lected the data presented in the literature, as described
in Section 2.2. Alltogether, we were able to provide the
SMBH mass estimate for all but one source, 1843+356,
while the bolometric accretion luminosities could not be
determined for only three sources, namely 1843+356,
1946+708, and 1943+546.
2.1. SDSS Data
We have searched the SDSS database (Albareti et al.
2017) for the available optical information for the sources
from our sample, finding only four good-quality spec-
tra with detected absorption and emission lines, as re-
quired for our purposes. We used these data to estimate
the bolometric luminosities and black hole masses for
1607+26, 1511+0518, 1404+286, and 1031+567.
The spectra were corrected for Galactic extinction (us-
ing the maps of Schlegel et al. 1998 and the extinction
law of Cardelli et al. 1989), and cosmological redshift;
they were resampled to δλ = 1A˚ spacing with the NOAO
IRAF5 package. In order to extract the stellar compo-
nents from the composite starlight + AGN spectra, we
used the synthesis code STARLIGHT (Cid Fernandes et al.
2005). The code fits the continuum and absorption lines
as a combinations of single stellar populations extracted
5 IRAF is distributed by the National Optical Astronomy Ob-
servatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under cooperative agreement with
the National Science Foundation.
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from the models of Bruzual & Charlot (2003). In the fit-
ting procedure, we masked the emission lines, provided
the information about flagged regions and errors, and
specified manually (in the configuration file) the AGN
continua along with the broad emission lines in the cases
of the two sources 1404+286 and 1511+0518.
Based on the obtained synthetic starlight spectra, we
derived the basic information regarding stellar composi-
tion, total stellar masses, and stellar velocity dispersions
σ? (corrected for the base 64 km s
−1 and the instrumental
velocity dispersion 70 km s−1), as summarized in Table 1.
With such, we estimated the SMBH masses for our tar-
gets by using the established MBH − σ? scaling relation
for ellipticals and bulge-like systems,
log
(MBH
M
)
= α+ β × log
( σ?
200 km s−1
)
, (1)
with α = 8.13± 0.05 and β = 5.13± 0.34 (Graham et al.
2011).
The stellar model components were then subtracted
from the corrected SDSS spectra, in order to estimate
the bolometric luminosities of the AGN, using the narrow
Hβ line. Our choice was motivated by the fact that no
significant variation of this line flux with the ionization
parameter was noted (Netzer 2009). Even hough the Hα
line is one of the most prominent lines in AGN spectra
in general, and as such is frequently used for estimat-
ing the Lbol value, in the cases of the objects analyzed
here it was ruled out from the analysis due to the blend-
ing with the [NII] lines. The Hβ lines detected in our
residual AGN spectra were fitted with Gaussian profile
using the Python Spectroscopic Toolkit (Ginsburg &
Mirocha 2011), as presented in Figure 1. For the two
sources 1404+286 and 1511+0518, where the broad com-
ponents of the Hβ line have been detected as well (the
blue-shifted broad component in the case of 1511+0518,
and both the red- and blue-shifted components in the
case of 1404+286), a multi-component Gaussian fitting
was performed. Based on the fits, we estimated the Hβ
line luminosities LHβ = 4pid
2
LFHβ (see Table 1), and then
the corresponding AGN-related bolometric luminosities
using the Netzer (2009) relation
logLbol = logLHβ + 3.48 . (2)
We finally corrected the luminosity values for the red-
dening in host galaxies by requiring Hα/Hβ = 2.86 and
assuming the λ−0.7 reddening law.
In the cases of the type-1 AGN in our SDSS sample,
i.e. 1404+286 and 1511+0518, which curiously are also
classified as Compton-thick based on the X-ray spec-
troscopy (Guainazzi et al. 2004; Siemiginowska et al.
2016; Sobolewska et al. 2019a,b), the bolometric lumi-
nosities obtained as described above should be consid-
ered as not reliable, because they significantly underes-
timate the true radiative power of the AGN; the major
source of the uncertainty here is the problem with ex-
tracting relatively weak narrow Hβ fraction from much
more prominent broad components. For 1511+0518, we
have therefore decided to use the Lbol estimate follow-
ing from the SED fitting by Trichas et al. (2013), while
for 1404+286 we used the scaling between the Lbol and
the 12µm luminosity established for quasar sources by
Richards et al. (2006), utilizing the Infrared Astronomi-
Table 2
Bolometric luminosities estimated from the narrow Hβ
measurements found in the literature.
source Hα/Hβ correction method LHβ [erg s
−1]
0035+227 2.73 average 1.98e+41
0710+439 – average 1.54e+42
1245+676 1.84 average 1.36e+41
1323+321 2.8 average 2.07e+42
1718–649 3.4 Hα/Hβ 1.25e+41
1934–634 5 Hα/Hβ 1.45e+41
2352+496 4.57 Hα/Hβ 2.65e+41
cal Satellite (IRAS) data (see Kosmaczewski et al. 2019).
2.2. Other Data
We have searched the literature for the emission line
measurements in the spectra of the remaining 13 sources
from our list. For the majority of those, the AGN bolo-
metric luminosities were estimated by Wu (2009) from
the [OIII] 5007 A˚ luminosities. However, this method
may not to be the most reliable one in the case of newly-
born jetted AGN. That is because, according to the stan-
dard model, the narrow [OIII] line is produced when
atoms are photo-ionized by the UV radiation originat-
ing in the accretion disk, while in young radio-loud AGN
the additional source of the ionization may be provided
by the interaction of compact jets with the ISM clouds
(see the discussion in Ostorero et al. 2010, and references
therein). For this reason, we have carefully investigated
the optical spectra available in the literature, to search
for the narrow Hβ line. This resulted in the LHβ lumi-
nosity measurements, performed in a similar manner as
described in a previous Section 2.1, for six sources from
the sample, as summarized in Table 2 (with the corre-
sponding references provided in Table 4). Here we have
corrected the measured Hβ luminosities for the redden-
ing assuming the λ−0.7 law, with the correction factors
calculated from either the observed Hα/Hβ ratio, or (if
Hα/Hβ < 2.86) by assuming the average value estab-
lished for Seyfert type 2 galaxies by Netzer (2009).
This leaves us with six CSOs from the list, for which
the bolometric AGN luminosities could not be deter-
mined based on the narrow Hβ lines. From those, in
the cases of 0108+388, 0116+319, and 2021+614, for the
following analysis we adopted the Lbol values estimated
based on the [OIII] line by Wu (2009), noting however
a very low signal-to-noise ratio in the spectra of the for-
mer two sources. For the remaining three targets, i.e.
1843+356, 1946+708, and 1943+546, we could not find
any appropriate optical spectroscopic data (see in this
context Henstock et al. 1997; Caccianiga et al. 2002).
As for the black hole mass estimates for the objects
of our sample which were not covered by the SDSS, the
MBH − σ? relation could be applied only for the three
sources (0035+227, 1943+546, and 1245+676) for which
the stellar velocity dispersion was measured by Son et al.
(2012). The remaining masses were adopted from Wil-
lett et al. (2010) or Wu (2009), who applied the scaling
relations involving either the galaxy bulge luministy Lblg
(see Bentz et al. 2009), or the absolute R-band optical
magnitude of the host MR (see McLure & Jarvis 2004),
respectively, as summarized in Table 4. The MBH value
could not be estimated only in the case of 1843+356.
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Figure 1. Optical spectra around the Hβ emission line (black lines) and best fits to the line profiles (red lines) for 1031+567 (top left),
1404+286 (top right), 1511+0518 (bottom left), and 1607+26 (bottom right).
3. JET KINETIC LUMINOSITIES
Total radio fluxes of CSOs are not expected to be
characterized by any strong variability of the colored-
noise type, as seen in the sources for which the radia-
tive output is dominated by the beamed jet component
(i.e., blazars; see, e.g., Goyal et al. 2017, and references
therein). Still, they may exhibit smooth monotonic flux
changes on timescales of years and decades, due to (i)
the fast expansion of their compact lobes, and (ii) the
spectral evolution around the peak frequencies, due to
the changes in the absorption properties of the medium
within and outside the lobes. Both these effects have to
be kept in mind when estimating the jet kinetic luminosi-
ties of the youngest radio galaxies from their monochro-
matic radio fluxes.
In our first approach, we derive the jet kinetic power for
the objects from our list, Pj, by applying the calorimetric
scaling relation established for the evolved radio sources
by Willott et al. (1999), as discussed by Rusinek et al.
(2017, equation 2 therein), namely
Pj (W ) = 5.0× 1022
(
L1.4 GHz
W Hz−1
)6/7
erg s−1 . (3)
The corresponding 1.4 GHz luminosity spectral densities
L1.4 GHz for the majority of the analyzed sources were
provided by the NRAO VLA Sky Survey (NVSS; Condon
et al. 1998); in the cases of the two southern sources from
the list (1718–649 and 1934–638), we used the ATCA
Monitoring Observations (Tingay et al. 2003). These are
all listed in Table 4.
In our second approach, we derive the minimum jet
powers, by assuming energy equipartition between mag-
netic field and radio-emitting electrons within the lobes,
and utilizing the fact that for all the sources studied here,
the kinematic ages τj have been measured. In particular,
we adopt the τj values as listed in Table 4, along with the
corresponding references; these are all consistent with the
values adopted by Siemiginowska et al. (2016) and listed
in An & Baan (2012), except for 1031+567, for which
we take 620 yr following Taylor et al. (2000). With such,
we find the jet kinetic luminosity as Pj = Hj/τj, where
Hj = 4pminV is the source enthalpy corresponding to the
lobes’ minimum pressure pmin and the volume V .
The youngest radio galaxies are expected to be char-
acterized by relatively large aspect ratios of their lobes,
with the minor-to-major semi-axis ratios b/a ≈ 0.25
(Kawakatu et al. 2008). For the given linear sizes of
the analyzed sources, LS = 2a, all listed in Table 4, we
therefore introduce the effective radius of the lobes as
Reff =
3
√
3
4ab
2 ' 0.18 × LS. With such, we derive the
equipartition magnetic field within the lobes with the
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standard formula, Beq = [4.5 c12 Lrad]
2/7R
−6/7
eff G, where
c12 ' 3 × 107 (in cgs units), and Lrad stands for the
total radio power emitted in the frequency range 0.01–
100 GHz. This power is calculated here from the observed
monochromatic 5 GHz luminosities (see Table 4), assum-
ing that the intrinsic radio continua in all the cases could
well be approximated by a simple power-law with mean
spectral index α = 0.73 above the peak frequency, as de-
rived for young radio galaxies by de Vries et al. (1997);
this yields Lrad ' 7.62 × L5 GHz. Finally, for the mini-
mum pressure we take pmin = 2×pB , where the magnetic
pressure is pB = B
2
eq/8pi, obtaining
Pj =
4B2eqR
3
eff
3 τj
∼ 1.5× 1045 × (4)(
LS
100 pc
)9/7 (
τj
100 yr
)−1 (
L5 GHz
1042 erg/s
)4/7
erg s−1 .
The resulting estimates are listed in Table 4, and plot-
ted against Pj (W ) in Figure 2. As shown, in the majority
of the cases, the minimum jet kinetic luminosities are
lower by one order of magnitude than the corresponding
jet powers derived from the Willott et al. (1999) scal-
ing relation (given in equation 3). This is not surprising,
as on the one hand, the Pj values provide (by defini-
tion) only safe lower limits for the jet power, while on
the other hand, the Pj (W ) values obtained from the ra-
dio flux scaling calibrated for the evolved radio galaxies,
are expected to over-estimate the jet power in young ra-
dio sources, due to the anticipated enhanced radiative
efficiency of compact radio-emitting jets and lobes inter-
acting directly with the ISM of host galaxies (see the
discussion in Tadhunter et al. 2011; Dicken et al. 2012).
Interestingly, one can compare our minimum power
estimates with the jet kinetic luminosities derived in
Ostorero et al. (2010) by means of modeling of the
broad-band spectral energy distributions of the selected
GPS/CSO sources. There are five objects overlapping
between the two samples, namely 0108+388, 0710+439,
1031+567, 1404+286, and 2352+495. For all of those
but 1404+286, our values Pj agree very well with those
derived by Ostorero et al. (see Table 3 therein), being
in particular lower by a small factor ranging from 0.9
down to 0.4. Only in the case of 1404+286, however,
the discrepancy is as large as one order of magnitude.
And indeed, the radio continuum of this very compact
source is heavily absorbed at longer wavelengths, what
manifests in the observed high peak frequency. For this
reason, the jet kinetic luminosity for this target may pos-
sibly be under-estimated here.
Ostorero et al. (2010) assumed that the bulk of the ob-
served X-ray emission of the analyzed targets is due to
non-thermal radiative output of compact lobes (see the
model description in Stawarz et al. 2008). In general,
the origin of the X-ray emission in young radio galax-
ies is still under debate, and the accretion disk coro-
nae, radio jets and lobes, as well as the hot gaseous
fraction of the ISM of host galaxies, are all viable op-
tions (see the discussion in Siemiginowska et al. 2008,
2016; Tengstrand et al. 2009; Kunert-Bajraszewska et al.
2014; Kosmaczewski et al. 2019). Only in the case of
targets confirmed as “Compton-thick”, the coronal sce-
nario should be considered as the most probable one
1042 1043 1044 1045 1046
Pj [erg/s]
1042
1043
1044
1045
1046
1047
 P
j(W
) [
er
g/
s]
Figure 2. The jet power Pj (W ) of the CSOs of our sample as de-
rived from the Willott et al. (1999) scaling relation, as a function
of the minimum jet kinetic luminosities, Pj. The sources confirmed
as Compton-thick (2021+614, 1511+0518, and 1404+286) are de-
noted by red stars. Black dashed and solid lines illustrate the
Pj (W ) = Pj and Pj (W ) = 10Pj scalings, respectively.
(Sobolewska et al. 2019a,b). Yet by considering that
the dominant fraction of the observed X-ray flux is pro-
duced in compact lobes, Ostorero et al. derived strict
upper limits for the corresponding jet powers. The fact
that those upper limits are higher than our lower limit
estimates by only a small factor up to two (except of
1404+286, the only Compton-thick source in the over-
lapping sub-sample), implies that CSOs are in general
close to the minimum-power condition indeed.
Keeping in mind the above-mentioned ambiguity re-
garding the origin of the X-ray emission of young radio
galaxies, we consider the 2–10 keV luminosities for the
analyzed CSOs (corrected for the Galactic and internal
absorption, as summarized in Table 4 along with the cor-
responding references), as a proxy for the radiative out-
put of the accretion disk coronae.
In this context, let us comment on the distribution
of the sample in the so-called Fundamental Plane for the
black hole activity, as introduced by Merloni et al. (2003),
utilizing first the total 5 GHz luminosities of the analyzed
sources (as listed in Table 4). As shown in the upper
panel of Figure 3, our CSOs (marked by filled red squares,
or empty red squares in the case of the Compton-thick
objects), are located above the best-fit correlation line,
being in particular over-luminous in radio with respect
to the sources (AGN and X-ray Binaries) included in the
Merloni et al. sample (and marked in the figure by filled,
black circles). This effect may however be explained by a
dominant contribution of the lobes’ radiative output to
the observed total radio fluxes of the considered CSOs
(in an analogous way as speculated by Saikia et al. 2018
for their SDSS-FIRST sample of AGN; see also the dis-
cussion in Fan & Bai 2016). Indeed, if the Fundamen-
tal Plane does reflects some fundamental property of the
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Table 3
Core radio fluxes and monochromatic luminosities.
source ν [Hz] Sc [mJy] Lc [erg s−1] ref.
0035+227 4.3 18† 1.6E+40 (1)
0108+388 15 10 2.7E+42 (2)
0116+319 5 24 9.3E+39 (3)
0710+439 15 45 6.6E+42 (2)
1323+321 4.9 9.1 2.2E+41 (4,5)
1511+0518 8.4 18.5 2.5E+40 (6)
1943+546 5 24 2.4E+41 (7)
1946+708 8.4 90‡ 1.8E+41 (8)
2352+495 15 12 2.8E+41 (2)
Note. — references (1) Polatidis (2008), (2) Taylor et
al. (1996), (3) Giroletti et al. (2003), (4) Helmboldt et al.
(2007), (5) Tremblay et al. (2016), (6) An et al. (2012),
(7) Xu et al. (1995), (8) Taylor et al. (2009);
† measured peak flux in VLBA 4.3 GHz map from August
2013 in RFC database (Petrov et al. 2019); ‡ maximum
core flux.
accreting black holes in the astrophysical environment,
these are strictly the core radio (and X-ray) fluxes which
should be utilized in the analysis.
The problem is that, in the general case of CSOs, ra-
dio cores are often undetected (e.g., 1404+286; see Luo
et al. 2007; Wu et al. 2013), or detected only at higher
radio frequencies. When detected, the compact cores of
CSOs constitute typically a few percents of the total ra-
dio fluxes. We have reviewed the existing VLBI literature
and, whenever necessary, inspected the available radio
maps, to search for the core detections for the objects in
our sample. Altogether, excluding the cases with the un-
certain core identification, we were able to provide core
flux measurements at frequencies ranging from 4.3 GHz
to 15 GHz for the nine targets, as listed in Table 3. With
such, the analyzed CSOs are more in agreement with the
Fundamental Plane by Merloni et al. (2003), although
are still above the best-fit correlation line, as shown in
the lower panel of Figure 3.
4. JET PRODUCTION EFFICIENCY PARAMETERS
Here we investigate the distribution of our CSO sample
in the three-dimensional space of the jet kinetic luminos-
ity Pj, the bolometric luminosity of the accretion disk
Lbol, and the X-ray luminosity LX. As anticipated in
Section 3, here LX is considered as a proxy for the radia-
tive output of the accretion disk coronae.
First, we look at the distribution corresponding to the
above-mentioned parameters expressed in units of the
Eddington luminosity, as presented in Figure 4. Here the
analyzed sources are represented by filled black circles,
except for 0116+319, marked by the empty black circle,
for which only the upper limit to the X-ray luminosity
could be estimated (see Table 4), and the sources con-
firmed as Compton-thick, denoted in the figure by red
stars, namely 2021+614, 1511+0518, and 1404+286 (see
Siemiginowska et al. 2008; Sobolewska et al. 2019a,b).
The jet power in the sample spans a relatively wide
range from Pj/LEdd . 10−4 up to ∼ 10−1, and the
same is true for the X-ray luminosity that varies from
LX/LEdd . 10−5 up to ∼ 10−2. On the contrary, the
accretion rate defined in a standard manner as
λEdd ≡ Lbol
LEdd
≡ Lbol
4piGMBHmpc/σT , (5)
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Figure 3. Upper panel: Distribution of the analyzed sample of
CSOs in the Fundamental Plane for the black hole activity, as
introduced by Merloni et al. (2003). Our sources, for which the
total radio (5 GHz) and X-ray (2–10 keV) luminosities are used,
are marked by red squares (filled for Compton-thin sources, empty
for Compton-thick objects); sources included in the Merloni et al.
sample, i.e. AGN and X-ray Binaries with measured core luminosi-
ties, are marked in the figure by black circles, and the correspond-
ing best-fit regression line is shown as a black solid line.
Lower panel: same as in the upper panel, except that here for the
analyzed CSOs the monochromatic core radio fluxes are used.
is distributed within a narrow range, from λEdd ∼ 0.01
(1718–649) up to ∼ 0.2 (1934–638). The other feature
to notice in the figure, is a correlation between Pj/LEdd
at lower accretion rates λEdd ≤ 0.05, followed by a sat-
uration in the jet power for larger values λEdd > 0.05,
with the only object not complying to the rule being
1404+286, for which however the jet power may be sig-
nificantly over-estimated (see the previous section). A
similar trend can be noted in the LX/LEdd − Pj/LEdd
plane, except that here all the Compton-thick sources
display a different behaviour.
The limited size of the sample precludes any detailed
analysis of correlation patterns more complex than lin-
ear. Therefore, we performed the Pearson product-
moment correlation coefficients by considering all the
sources except for the Compton-thick ones, and derived
coefficients r = 0.752 (p-value p = 0.008) for Pj/LEdd −
λEdd, r = 0.899 (p = 1.6×10−4) for Pj/LEdd−LX/LEdd,
and r = 0.779 (p = 0.005) for LX/LEdd − λEdd; in
all the cases the correlations are positive and statisti-
cally significant, according to a confidence level that we
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Figure 4. Distribution of our CSO sample in the three-
dimensional space of the jet kinetic luminosity in Eddington units,
Pj/LEdd, the accretion rate λEdd ≡ Lbol/LEdd, and the X-ray lu-
minosity in Eddington units, LX/LEdd. The empty black circle
marks 0116+319, with the upper limit for its X-ray luminosity,
while the sources confirmed as Compton-thick, namely 2021+614,
1511+0518, and 1404+286, are denoted by red stars.
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Figure 5. Distribution of our CSO sample in the three-
dimensional space of the jet production efficiency, ηjet ≡
Pj/M˙accc
2, the accretion rate, λEdd ≡ Lbol/LEdd, and the X-ray
luminosity in units of the bolometric disk luminosity, LX/Lbol.
The empty black circle marks 0116+319, while the Compton-thick
sources 2021+614, 1511+0518, and 1404+286, are denoted by red
stars.
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Figure 6. Distribution in the λEdd − Pj/Lbol plane, of the CSOs from our sample (red squares), together with different types of AGN as
analyzed by Rusinek et al. (2017), including narrow-line radio galaxies (NLRGs; blue squares), broad-line radio galaxies (BLRGs; yellow
stars), and radio-loud – or FR II – quasars (RLQ; green triangles).
fix to 99%. This was further supported by the Kendall
rank correlation analysis, returning respectively τ = 0.6
(p = 0.0099), τ = 0.855 (p = 4.6× 10−5), and τ = 0.745
(p = 0.00076).
Figure 5 shows the distribution of the above source pa-
rameters, when the X-ray luminosity is expressed in the
units of the bolometric disk luminosity, LX/Lbol, and the
jet kinetic power is expressed in terms of the jet produc-
tion efficiency,
ηjet ≡ Pj
M˙accc2
' Pj
10Lbol
, (6)
where we assumed the standard 10% radiative efficiency
of the accretion disks, Lbol ' 0.1 M˙accc2, as appropriate
for the high accretion rates λEdd ≥ 0.01. This change
of the units does not modify the overall picture, except
that now the jet production efficiency ηjet does not really
saturate for λEdd > 0.05, but decreases with increasing
λEdd (again, disregarding 1404+286). When performing
a Person correlation analysis on all the data points in
the sample excluding the Compton-thick sources, we ob-
tained correlation coefficients r = 0.441 (p = 0.174) for
ηjet − λEdd, r = 0.810 (p = 0.0016) for ηjet − LX/Lbol,
and r = 0.535 (p = 0.089) for LX/Lbol−λEdd. We there-
fore found a significant, positive correlation only in the
case of the ηjet − LX/Lbol dependence; this was again
supported by the Kendall rank correlation analysis, re-
turning τ = 0.382 (p = 0.121), τ = 0.709 (p = 0.0016),
and τ = 0.6 (p = 0.01), respectively.
We emphasize that the jet production efficiency for the
analyzed CSOs spans a range from ηjet . 10−3 (1718–
649), up to ∼ 0.2 (0108+388) at most. This means that
the newly-born radio galaxies in our sample do not reach
the maximum level of jet production efficiency, as could
be expected in the case of magnetically arrested disks
around maximally spinning black holes (ηjet & 1; see
Tchekhovskoy et al. 2011), unless the jet kinetic pow-
ers are significantly under-estimated here (by orders of
magnitude!).
Quite surprisingly, in the λEdd − ηjet plane, the CSOs
from our sample occupy the same locus as “double-
lobed” (i.e., Fanaroff-Riley type II) radio quasars, dis-
cussed in a similar context by, e.g., van Velzen & Falcke
(2013), and more recently also Rusinek et al. (2017). In
order to illustrate this finding, in Figure 6, we plot all
the sources from the Rusinek et al. sample — including
narrow-line radio galaxies, broad-line radio galaxies, and
radio quasars — along with our targets (denoted in the
figure by red squares; note that here on the y-axis we plot
simply Pj/Lbol instead of ηjet). The jet kinetic power es-
timates in Rusinek et al. are based on scaling given in
equation 3 above, while for our targets we are considering
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Figure 7. Dependence of the jet production efficiency on the combination of the accretion-related parameters λEdd and LX/Lbol, for the
CSOs from the analyzed sample. The jet power is coded by the size of the symbols (so that larger jet kinetic luminosities are denoted by
larger circles), and expressed in Eddington units Pj/LEdd (left panel), or in units of mass accretion rate ηjet (right panel). Compton-thick
sources are marked by red stars.
the minimum jet power estimates given in equation 4. If,
instead of such lower limit values, one uses equation 3,
the distribution of our CSOs would overlap quite closely
with that of BLRGs from the Rusinek et al. sample.
One should point out, however, that the majority of
the sources analyzed by Rusinek et al. (2017) posses ex-
tended radio structures, with estimated ages of several
Myrs, and so the jet kinetic powers derived for these
sources by means of a time-averaging calorimetric rela-
tion (as in Willott et al. 1999, equation 3 above) may not
correspond to the accretion rates estimated from the cur-
rently available optical spectroscopic data. On the other
hand, in the cases of the youngest radio galaxies, as con-
sidered here (ages < 3 kyr), the currently observed radio
luminosities of compact jets and lobes and the currently
observed optical luminosities of the accretion disks, likely
correspond to the same episode of the AGN activity.
In Figure 7 we visualize the dependence of the jet pro-
duction efficiency on the combination of the accretion-
related parameters λEdd and LX/Lbol. In both panels
of the figure, the x-axes give the LX/Lbol ratio: under
the assumption that the observed X-ray luminosities are
good proxies for the disk coronal emission, this ratio cor-
responds to different states of the accretion disks, namely
“hard” states at large LX/Lbol values, and “soft” states
otherwise. The y-axes in the figure denote the accretion
rate λEdd, i.e. the disk luminosity expressed in Edding-
ton units. The jet power in the figure is coded by the
size of the symbols, so that larger jet kinetic luminosi-
ties are denoted by larger circles. In the left panel of the
figure, the jet power is expressed in the Eddington units,
Pj/LEdd, and in the right panel in the units of the mass
accretion rate, ηjet. As before, Compton-thick sources
are marked by red stars.
Galactic X-ray Binaries (XRBs) are known to trace
a “q-shaped hysteresis” (in the counter-clockwise direc-
tion) on exactly this kind of “hardness–intensity” dia-
gram for the accretion states6 (Homan & Belloni 2005;
McClintock & Remillard 2006): starting at the low-
accretion-rate but hard state (bottom-right corner of the
panels), the sources increase their disk intensity, mov-
ing vertically up in the diagram up to the point when
the accretion rate saturates at the maximum value; from
that point, the sources evolve horizontally to the left, i.e.
toward the soft state, until the minimum hardness level
is reached (top-left corner of the panel), they then de-
crease their accretion rate, and finally returning to the
starting point. This spectral evolution is accompanied
by changes in the jet production efficiency (Fender et al.
2004): one typically sees steady low-power jets with lumi-
nosities scaling with the disk intensities during the source
evolution in the hard states, followed by an episode of
high-power but highly intermittent jets during the tran-
sition to the high/soft state, and finally a suppression of
the jet production during the low/soft states.
The SMBHs masses in AGN are orders of magnitude
(> 106 times) larger than the black hole masses in XRBs.
Thus, all the related accretion-related timescales are cor-
respondingly longer, implying that one cannot witness in
real time any track traced by a given AGN on the ac-
cretion hardness–intensity diagram. However, in a well
defined sample of AGN, the distribution of the sources
in a diagram may reveal an analogous evolutionary trend
in a statistical manner (see, e.g., Sobolewska et al. 2011).
Even though the distribution of our young radio galaxies
in Figure 7 does not reveal a clearly defined “q-shaped
6 Note that accretion disks in XRBs are much hotter than ac-
cretion disks in AGN, due to the inverse scaling between disk tem-
peratures and black hole masses. As a result, for XRBs the disk
continua are pronounced in soft X-rays, and so the coronal-to-disk
luminosity ratio can be expressed convininetly as the X-ray hard-
ness ratio, while the accretion rate is simply proportional to the
soft X-ray intensity.
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hysteresis”, it shows an interesting dependence of the jet
production efficiency on the combination of the coronal
and disk intensities, with the jets being produced most
efficiently during the high/hard states, and suppressed
during the soft states.
5. CONCLUSIONS
In this paper, we studied the jet production efficiency
in the sample of the 17 confirmed young radio galaxies of
the CSO type for which the redshifts are known, the kine-
matic ages have been estimated directly from the moni-
toring radio data, and the nuclear X-ray fluxes have been
measured from high-angular resolution observations with
either Chandra or XMM-Newton. The analyzed sample
is unique: (i) our targets are the most robust and un-
ambiguous examples of the youngest radio galaxies, with
linear sizes . 300 pc and corresponding ages . 3, 000 yr;
(ii) their spectra are free of relativistic beaming effects;
(iii) the currently observed radio and optical luminosities
of their compact lobes and accretion disks, respectively,
correspond to the same episode of the AGN activity.
For these targets, we have analyzed the available SDSS
spectra, and estimated the bolometric luminosities of the
accretion disks, Lbol, using the narrow Hβ line, and the
black hole masses, MBH, from the measured stellar ve-
locity dispersion. When SDSS spectra were not available,
we have reviewed the other optical data presented in the
literature, gathering the estimates of Lbol based on either
the narrow Hβ line or the [OIII] line, and the estimates
of MBH based on either the stellar velocity dispersion,
the galaxy bulge luministy, or the absolute R-band opti-
cal magnitude of the host.
We have estimated the jet kinetic power for the objects
from our list, Pj, by means of the calorimetric scaling re-
lation with the observed 1.4 GHz radio fluxes, established
for the evolved radio sources by Willott et al. (1999).
We have also derived the minimum jet powers, utilizing
the robust kinematic age estimates, and assuming energy
equipartition between magnetic field and radio-emitting
electrons within compact lobes. In the majority of the
cases, the minimum jet kinetic luminosities turned out to
be lower by one order of magnitude than the correspond-
ing jet powers derived from the radio scaling relation.
We concluded that the latter values over-estimate the jet
power in young radio sources, due to the enhanced radia-
tive efficiency of compact radio-emitting jets and lobes,
as discussed by Tadhunter et al. (2011) and Dicken et al.
(2012).
The estimated minimum jet power, along with the
known kinematic age of the analyzed sources, provide
the lower limit to the total energy deposited by the jets
within the central regions (< 1 kpc) of the host galaxy.
This energy varies from Pj × τj ∼ 1052 erg in the case of
1718–649, up to ∼ 1056 erg in the case of 1607+26. These
values imply that at least the most powerful young radio
sources may provide a significant impact on the evolu-
tion of galaxy bulges of their hosts (see in this context
Tadhunter 2016, and references therein).
We have also investigated the distribution of our CSO
sample in the three-dimensional space defined by the
bolometric luminosity Lbol, the nuclear X-ray luminosity
LX (considered here as a proxy for the radiative output of
the accretion disk coronae), and the minimum jet kinetic
luminosity Pj, expressing the former parameter in terms
of the accretion rate λEdd ≡ Lbol/LEdd, and the latter
two parameters either in Eddington units, or in units of
the bolometric disk luminosity. The main findings from
this analysis can be summarized as follows:
i) the accretion rate λEdd in our sample is distributed
within a narrow range from λEdd ∼ 0.01 up to∼ 0.2
(unlike the normalized jet power or the normalized
X-ray luminosity, which both span a much wider
range);
ii) the normalized jet power Pj/LEdd correlates with
the accretion rate at λEdd ≤ 0.05, and saturates
(or even decreases) at larger values λEdd > 0.05;
iii) the jet production efficiency ηjet ≡ Pj/M˙accc2 spans
a range from ηjet . 10−3 up to ∼ 0.2 at most,
meaning that the newly-born radio galaxies in our
sample do not reach the highest possible level of
the jet production efficiency, as could be expected
in the case of magnetically arrested disks around
maximally spinning black holes;
iv) we see an interesting diversification in the jet pro-
duction efficiency on the hardness–intensity dia-
gram LX/Lbol − λEdd characterizing the accretion
state of young radio galaxies, somewhat analo-
gous to that observed in Galactic XRBs, with the
jets being produced most efficiently during the
high/hard states, and suppressed during the soft
states.
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